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Microbial mats are complex, layered microbial communities dominated by 
cyanobacteria. Mats have been used successfully in the bioremediation of Pb, Cd, Cu, 
Zn, and Mn contaminated water. This study investigated the possible removal through 
reduction of soluble U( VI) present in the ionic complexed form in the presence of highly 
carbonated waters (240 mg/L) by microbial mats. Mats developed in the Bioremediation 
Laboratory at Clark Atlanta University were used in batch and water column studies. 
Preliminary studies showed optimum uranium uptake was produced by a 1:1:1 ratio of 
whole microbial mats, predominately cyanobacteria, and two bacterial groups isolated 
from the mats: Rhodospeudomonas and a mixed anaerobe group, dominated by sulfur 
reducers. X-ray absorption near-edge structure spectroscopy (XANES) revealed U(VI) 
was reduced to U(IV). Uranium removal rate was dependent on temperature, nutrients 
available, photosynthetic and reducing conditions, and amount of bacterial material per 
volume of solution. 
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CHAPTER 1 
INTRODUCTION AND STATEMENT OF THE PROBLEM 
1.1 Background 
During World War II, the United States government operated numerous uranium 
mining and reprocessing facilities for the production of nuclear weapons. After the war, 
many of the sites were abandoned without clean-up and, in some instances, radioactive 
milling wastes were dumped into lakes. “To date, U.S. military reprocessing operations 
have resulted in hundreds of millions of gallons of liquid high-level uranium waste stored 
in storage tanks at the Hanford Reservation in Washington, Savannah River Site in South 
Carolina, and West Valley in New York.”1 Heap leaching and in-situ leaching, chemical 
soil-washing techniques, have been used to remove large quantities of uranium deposits 
with leaching agents (ammonium carbonate and sulfuric acid).2,3 However, leaching 
remediation still presents major environmental problems, such as: the risk of leaching 
liquid spreading outside the uranium deposit, the impossibility of restoring natural 




1.2 Microbial Mats In Heavy Metal Contamination 
Microbial mats constructed in the Bioremediation laboratory at Clark Atlanta 
University are composed of stratified layers of microbes dominated by the cyanobacteria, 
Oscillatoria sp. The cyanobateria, which provides the nutrient supply to the mat 
community, are known to produce negatively charged polysaccharide bioflocculants.4 
Bender et al. reported correlation between the bioflocculant production and the metal 
sequestering ability of the mats.4,3 Microbial mats have been found to uptake heavy 
metals (Pb, Cd, Cu, Zn, and Mn) from contaminated waters, mineralize pesticides, PCBs, 
and oils, as well as degrade chlordane and TNT.5,6 Mats have also been shown the reduce 
selenate to elemental selenium and simultaneously remove uranium and chromium from 
water6,7 Because microbial mats are durable and resilant to hostile environmental 
conditions (chemical toxins, various pH, salinity, and temperature levels)6 they are ideal 
for use in bioremediation. 
1.3 Statement of the Problem 
U.S. military reprocessing operations during the Cold War have resulted in a large 
amount of radioactive wastes.8 Studies performed at Femald Environmental Management 
Project (FEMP) and Savannah River Site (SRS) both former uranium processing 
facilities, found uranium to be the most abundant contaminant in groundwater/sediment 
systems.9 X-ray Absorption Near Edge Structure technique showed that greater than 
85% of the uranium existed in the hexavalent oxidation state, U( VI).9 
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The highly soluble U(VI), UC>2+2, is the most oxidized form of uranium and is the 
predominant species at pH>2.10,11 At pH levels above 6.5, the uranyl ion undergoes 
hydrolysis and forms soluble complexes with the carbonate ion (CO32): 
(U02)2C03(0H)3\ UO2CO30, U02(C03)22", and U02(C03)34'. 10 The solubility of 
uranium is also affected by redox. Under oxic conditions, where redox is positive, 
reduced uranium (IV) is oxidized to uranium (VI) and becomes soluble. While in 
anoxic conditions, where oxygen levels are low and redox is negative, uranium is less 
soluble. Because uranium’s mobility and solubility are directly affected by 
environmental conditions, there is major concern that sediments containing reduced 
uranium may mobilize, posing a threat to the environment. If these sediments 
oxygenate, the reduced uranium (IV) will rapidly oxidize to uranium (VI) and 
resolublize allowing for migration into aquifers, plant tissues, and ultimately the food 
chain.8,12 
1.4 Objective 
The main objective of this study was to investigate the potential of microbial mats 
to uptake uranium in solution utilizing optimal conditions. 
CHAPTER 2 
SURVEY OF RELEVANT LITERATURE 
2.1 Uranium Contamination in the Environment 
Production of uranium for use in the government’s nuclear weapons and energy 
programs has resulted in tons of mill tailings.13 Uranium mill tailings are the radioactive 
finely ground, sandlike materials that remain after the uranium has been extracted from 
ore.14 For every ounce of uranium that was extracted, 99 ounces of waste were 
produced.13 Mill tailings were usually dumped as sludge in ponds or piles. The sludge 
contains 85% of the initial radioactive materials in the uranium ore, notably thorium-230, 
radium-226, and radon gas.3,15 Because all the uranium present in the ore cannot be 
extracted, mill tailings also contain 5% to 10% of the initial uranium present.3 Uranium- 
238 has a half-life of 45 billion years. Its daughter products, radium-226 and thorium- 
230 have half-lives of 16,000 and 80,000 years, respectively.3,15 Because of the stability 
of these materials, uranium mill tailings can adversely affect the environment. The 
radioactive materials can reach the environment and public by four basic exposure 
pathways: 1) diffusion of radon gas directly into indoor air, 2) diffusion from uranium 
mill tailing piles into the atmosphere, 3) production of gamma radiation by radioactive 
decay products in tailings, and 4) dispersal of uranium tailings by water or leaching.14 
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The greatest risks to the environment are: 1) contamination of ground water and river 
systems with dissolved radioactive materials; 2) the dispersal of radioactive dust, which 
finds its way into water, plants, animals, fish, and humans; 3) and release of radon gas 
into the air.15 
2.2 Uranium Chemistry 
Uranium has three isotopes: uranium-238, uranium-235, and uranium-234. Of 
the three, uranium-238 is the most prevalent isotope in uranium ore at 99%.16 The 
solubility and mobility of uranium is greatly influenced by its oxidation state.9 Uranium 
has 3 oxidation states; U(VI), U(V), and U(IV). U(VI) is highly soluble and always 
exists as the cationic polyatomic ion, U022+, whereas, U(IV), is insoluble in aqueous 
systems. The U(V) oxidation state is unstable and is generally not expected to dominate 
reox spéciation in natural waters .10 
The uranium species found in solutions are dependent on the pH of the solution.12 
Studies done by Palei found that at pH levels below 5.90, dilute solutions with uranium 
concentrations of 0.001 M or less contained UC>2+2 as the primary species. In solutions 
with pH above 5.90, the uranyl hydroxides were found to precipitate.12,17 
U(VI) is the most stable oxidation state. The uranyl ion complexes with 
carbonate ions (CO32 ) to form U(Vl)-carbonate complexes. These negatively charged 
complexes can be primarily found in oxic waters where there are high levels of 
carbonate.10 Adsorption of uranium is strongly affected by carbonate concentration. 
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Duff and Amrhein10 found that complexation of U(VI) by dissolved CO32’ resulted in 
decreased sorption to natural surfaces. In waters with alkalinities greater that 2 mmolc L’1 
HCO3-1, U(VI) adsorption was low.2 The decrease in adsorption was contributed to the 
domination of the U( VI)-mono, di, and tri-carbonate species in solution.10 
At low redox potential, U(VT) may be chemically or microbially reduced to 
U(IV), and precipitate as uraninite.11 Abdelous et. Al. investigated the possibility of 
U(VI) reduction by Fe° in solutions with pH ranges between 2-9. In all solutions, 
uranium reduction was complete and the reduced uranium precipitated out as poorly 
crystallized hydrated uraninite, UO2I1H2O.18 Similar results were reported for the 
microbial reduction of uranium.8,19'20 If specific Eh and pH conditions are met, sulfur 
reducing and dissimilatory iron reducing bacteria, can enzymatically reduce uranium 
from uranium (VI) to uranium (IV), and U(IV) precipitates as uraninite, adhering to the 
bacteria.20, 8(Lovely and Phillips, 1992, Lovely et al, 1991. 
2.3 Microbial Mats 
Microbial mats can be mainly found in marine and freshwater environments. 
Mats consists of complex layers of microbial communities.21 These layers may vary in 
thickness from a few millimeters to almost one meter.22 Cyanobacteria dominates the 
topmost layer of microbial mats. This layer is the photosynthetic zone, where anaerobic 
reducing conditions are found.21 Lower layers contain purple autotrophic bacteria and a 
consortium of mixed anaerobes dominated by sulfur reducing bacteria. Because of their 
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complex nature, microbial mats exhibit a number of characteristics that are ideal for 
application in bioremediation. 
1) Mats are a self-sustaining system. Because they are photosynthetic and 
nitrogen fixing they do not require an outside supply of nutrients.7,2 
2) Microbial mats contain an efficient microbial community for metal 
sequestering. Both RJjodospuedomonas sp. and sulfur-reducing bacteria 
produce the extracellular enzyme, reductase, which has a broad spectrum 
function since both strains have the ability to reduce a number of heavy metals 
(e.g., Cr(VI) and Se(VI)) ,23,3 
3) Because mats contain a microbial community, rather than a single species, 
there is diversity and a high population of each microbial species. The large 
population of microbes can be easily maintained by immobilizing the 
microbes on a silica dioxide surface and providing nutritional supplements 
(silage and nutritional beads).23 
2.3.1 Cyanobacteria 
Cyanobacteria are the largest and most diverse group of photosynthetic bacteria.21 
They can survive under extreme environmental conditions and are found both in aquatic 
and terrestrial environments.21 Cyanobacteria are true prokaryotes, but resemble 
eukaryotes because they contain chlorophyll a.21,24 Cyanobacteria differ from most 
photosynthetic bacteria in their ability to carry out both oxygenic and anoxygenic 
photosynthesis.21,24 In light, cyanobacteria carry out oxygenic photosynthesis with two 
photosystems in series.21,23 Water is the electron donor and oxygen is the ultimate 
oxidation product.24 
C02 + H20 (CH20) + 02 
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Under anaerobic conditions in sulfide-rich environments, cyanobacteria undergo 
anoxygenic photosynthesis.23,24 The sulfide provides the low redox potential required for 
growth under anaerobic conditions. Sulfide serves as an electron donor and is oxidized to 
elemental sulfur.24 
2H2S + C02 -> H(CH20) + 2S + H20 
2.3.2 Rhodospuedomonas 
The species of Rhodospuedomonas are a purple non-sulfur bacteria. They are 
present in all kinds of stagnant water bodies in lakes, waste ponds, coastal lagoons, and 
paddy fields.25 Rhodospuedomonas carry out anoxygenic photosynthesis using one 
photosystem.24,25 They require electron donors of redox potentials lower than that of 
water, such as: reduced-sulfur compounds as H2S, simple organic compounds such as 
maleic and citric acid, and molecular hydrogen.24 The oxidants are organic compounds 
and carbon dioxide.24 Some species may grow aerobically in light without producing 
oxygen. Other species grow in a anaerobic, reduced environment where a suitable 
electron donor can be found.24 Because Rhodospuedomonas are able to produce broad 
spectrum reductases, they have been used in a number of bioremediation applications.23 
2.3.3 Sulfur-Reducing Bacteria 
Sulfur-reducing bacteria (SRB) may be found in habitats where there are 
significant amounts of sulfide; muds and sediments of pollutants, lakes and streams, 
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sewage lagoons and digesters, and waterlogged soils.24 SRB are strictly anaerobic in 
nature. They use elemental sulfur or sulfate and other oxidized sulfur compounds as 
electron acceptors during anaerobic respiration. The sulfur and sulfate are reduced to 
hydrogen sulfide with the generation of ATP.24 
S04'
2 + 4 H2 + 1 1/2 H
+-> 1/2 H2S + 1/2 HS’+ 4 H20 
Like Rhodospuedomonas, sulfur-reducers have the ability to produce broad spectrum 
reductases, reduction of Fe(III), Mn (VI), and U(VI) have been reported.23,26,27 
CHAPTER 3 
MATERIALS AND METHODS 
3.1 Approach 
In this study water column and batch experiments were conducted with three 
types of bacterial cultures: whole microbial mat, Rhodospeudomonas sp., and a mixed 
anaerobe group, dominated by a sulfur-reducing species. The main objectives of the 
study were to: 
1 ) determine the best bacterial culture or bacterial culture combination for uptake 
of uranium from solution; 
2) determine optimal conditions for the uptake of uranium from solution: static 
or mixing, anaerobic or aerobic (regulated by light/dark), temperature, and 
amount of bacterial material per volume of solution; 
3) determine maximum lifetime of the cultures and methods of rejuvenation. 
3.2 Materials and Equipment 
Uranyl nitrate hexahydrate salt was obtained from Fluka. Equipment and 
apparatus used included Perkin Elmer Elan 5000 Inductively Coupled Argon 
Plasma/Mass Spectrometer (ICP/MS), Orion 230A and Orion 420A pH meter and 
electrode, centrifuge (IEC-HN-S11), analytical balance with +/- 0.0001 g capability, 
Falcon serological 10 mL pipets, Falcon 50 and 15 mL polypropylene conical tubes, and 
assorted laboratory equipment and supplies. 
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3.3 Preparation of Uranium Solution 
4.22 g of the uranyl nitrate salt was dissolved in two liters of distilled water to 
make a 2000 mg/L of uranium stock solution. 
3.4 Preparation of Bacterial Cultures and Silica Ceil Particles 
To construct microbial mats the cyanobacterium, Ocillateria sp., was isolated and 
then enriched with Allen and Amon (AA) medium and ensiled grass clippings (7 g/L wet 
weight). The AA medium contained, per liter of deionized water: FeEDTA, 0.3 g; 
NaHC03, 0.84 g; NaCl, 0.234 g; MgS047H20, 0.246 g; CaCl22H20, 0.07 g; K2HP04, 
0.348 g; KH2P04, 0.041 g, and 2.5 ml trace element solution containing, per liter: H3P04, 
2.86 g; MnCl24H20, 1.181 g; Na2MoO45H20, 0.39 g; CuS045H20, 0.08 g; 
CO(N03)2 6H20, 0.05 g.
26 The mixture was then allowed to grow over red Georgia soil to 
provide a mixed autotrophic-heterotrophic community within the mat. Mature whole 
mats were blended into a slurry. Thereafter, mats were cultured in AA without soil 
component. 
Both Rhodospuedomonas sp. and mixed anaerobes were isolated from mature 
whole mat and cultured in nutrient broth. The cultures were then sedimented with a 
commercial flocculating solution (Accu-Clear, Aquarium Pharmaceuticals, Inc., 
Chalford, PA).24 
Mat and bacterial slurries were added separately to a 7% silica dioxide solution. 
Hydrochloric acid was used to slowly reduce the highly basic pH of the silica dioxide 
solution. Between pH 8 and 9.5 the silica dioxide solution gelled. Preparation of the 
12 
7% silica dioxide solution was made using a fluid base of AA medium. The solution was 
then adjusted to meet the nutritional requirements of each individual microbial group to 
enhance growth. For microbial mat (additions g/L): sodium acetate, 0.3; lactic acid, 0.4; 
bacterial nutrient powder(Difco), 0.8. For Rhodospuedomonas and sulfur reducers 
(additions g/L): sodium acetate, 4.2; lactic acid, 5.5; bacterial nutrient powder (Difco), 
8.24 
3.5 Preparation of Nutritional Supplements 
Two types of nutritional supplements were used, nutritional beads and ensiled 
grass clippings. Nutritional beads were prepared using the AA medium based 7% silica 
dioxide solution and the following nutritional additions (g/L): .51 KNO3, sodium acetate, 
4.2, lactic acid, 3.1.24 The nutrient beads were allowed to air dry and then added to 
samples bottles at 8 g/L. Silage, the second supplement, was prepared by tightly packing 
lawn clippings into liter bottles. The clippings were allowed to ferment for 15 days and 
mature silage was then added to the silica cell particles at 7 g/L.24 
3.6 Determination of Density 
Density was determined for both wet and dry silica cell particles. Five mL of wet 
silica cell particles were place in three 15 mL conical polypropylene tubes and 
centrifuged. Excess water was removed and tubes were weighed. The average wet 
weight density was then calculated. The silica cell particles were then allowed to air dry 
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for approximately 48 hours and the tubes were reweighed. The average dry weight 
density was then computed. 
3.7 Instrumentation 
3.7.1 ICP Analysis 
Samples were collected in 50 mL polypropylene conical tubes and acidified with 
1% HNO3 to maintain the uranium in solution for ICP-MS analysis. The samples were 
then centrifuged at 2500 rpm for 10 minutes. The supernatant was then transferred to a 
clean 15 mL polyprorylene conical tube. Samples were diluted to the pg/L range using 
ultra pure deionized water. Samples were analyzed using a Perkin Elmer Elan 5000 
Inductively Coupled Argon Plasma/Mass Spectrometer. 
3.7.2 Electron Microscopic Analysis 
Microscopic studies followed conventional methods of slide preparation and 
Gram staining. For thin-section electron micrographs, cells were fixed in 3% 
glutaraldehyde and placed in osmium tetroxide followed by several dehydration steps. 
Embedding was done be adding Epon and catalyst for twenty minutes. Electron 
micrographs were obtained using a Hitachi H-6000 Transmission Electron Microscope 
set at 0.3 nm point to point resolution, at 100,000 times magnification.26 
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3.7.3 XRF and XANES Analysis 
Moist and air-dried microbial mat samples and black percipitant samples were 
prepared and analyzed in the dark. Analyses were performed on the X-ray fluorescence 
(XRF) microprobe beamline X26-A at the National Synchrotron Light Source 
(Brookhaven National Laboratory, Upton, NY, USA) and the microprobe X-ray 
absorption near-edge structure (XANES). The XRF and XANES spectra were taken for 
the samples within 20 minutes of preparation and within 3 or 16 hours after exposure in 
light and air.27 
3.7.4 Redox Potential Analysis 
Redox measurements were made concurrent to sample collection intervals with an 
Orion combined platinum redox and a silver/silver chloride reference electrode.24 
3.8 Preliminary Experiments 
Preliminary studies were conducted to determine ideal environmental conditions 
and the most effective combination of whole microbial mat, predominately 
cyanobacteria, Rhodospuedomonas, and sulfur-reducing bacteria for the uptake of 
uranium. Experiments were designed to determine optimum conditions (temperature, 
photosynthetic conditions, redox conditions, and nutritional supplements) for removal of 
uranium. 
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3.8.1 Determination of Optimal Microbial Combination 
Twenty-five mL of microbial SCP were placed in 250 mL bottles and 2 mg/Luranium 
solution added. Four different combinations were used: 
1. Whole microbial mat, predominately cyanobacteria only 
2. Rhodospuedomonas only 
3. 1:1:1 of Rhodospuedomonas, whole microbial mat, dominated by 
cyanobacteria, sulfur reducing bacteria 
4. 2:1:1 of Rhodospuedomonas, whole microbial mat, dominated by 
cyanobaceteria, sulfur reducing bacteria 
Samples were collected in 50 mL polypropylene conical tubes and prepared for ICP/MS 
analysis as stated previously in section 3.7.1. 
3.8.2 Determination of Optimal Temperature 
Studies were performed using 50mL of microbial silica cell particles(SCP) in 
450mL of 2 mg/L uranium solution. The studies were conducted in 500ml bottles in total 
dark conditions with continuous mixing. Four different temperatures represented a 
gradient series: 0-3 °C, 4-6 °C, 20-23 °C, 26-30 °C. Samples were collected in 50 mL 
polypropylene conical tubes and analyzed by ICP/MS, as stated in section 3.7.1. 
3.8.3 Determination of Optimal Photosynthethic Conditions 
25 mL of microbial SCP was placed in 250 mL bottles with a 225 mL 2 mg/L 
uranium solution. Bottles were then placed under three different lighting conditions: 
continuous light, semi-dark(light regulated by using a 50% shade cloth), and total dark. 
Static and continuous mixing were both used. Redox potential was measured at sample 
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times. Samples were collected in 50 mL polypropylene conical tubes. For ICP/MS 
analysis, the samples were prepared as listed in section 3.7.1. 
3.8.4 Determination of Opitmal Redox Conditions 
50 mL of microbial SCP were placed in 500 mL reagent bottles with 450 mL of a 
distilled water coloumn providing a minimum head space of 2 cm. Reagent bottles were 
placed in continuous light, semi-dark with a 12 hour dark/light cycle, total dark which 
leads to three different redox conditions. Continuous slow mixing was used. Redox 
potentials were measured at 2 hours, 4 hours, and 24 hours. 
3.8.5 Determination of Optimal Nutritional Supplement 
Batch studies were carried out in 250 mL bottles using 25 mL of microbial SCP in 
225 mL of uranium solution (2 mg/L). Two type of nutriental supplements were used for 
rejuvenation of microbes: 1) ensiled grass clippings (7g/L wet weight) and 2) nutriental 
beads (8 g/L). Bottles were placed under total dark conditions. Redox potentials were 
measured at sampling times. Samples were collected in 50 mL polypropylene conical 
tubes and prepared for ICP/MS analysis as stated in section 3.7.1. 
3.9 Adsorption Experiments 
Adsorption studies investigated the ability of uranium to bind to microbial silica cell 
particles(SCP) in solution. Water column and batch experiments were conducted using 
microbial SCP in solutions of high and low uranium concentration. 
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Additional adsorption studies tested the performance of microbial SCP in a highly 
carbonated uranium solution. 
3.9.1 High Volume Experiment 
Four gallons of microbial SCP was added to a 2 mg/L uranium solution in a 55 
gallon barrel. The barrel was placed outside, and the microbial SCP were mixed for 1 
hour. Sample times were 15 minutes, 30 minutes, 1 hour, 2 hours, 3 hours, and 4 hours. 
Samples were collected in 50-mL conical polypropylene tubes and prepared for ICP/MS 
analysis. 
3.9.2 Sequential Batch Experiment 
Batch studies were performed using 40 mL of microbial SCP in a 210-mL 
2 mg/L uranium solution. The batch studies were conducted in 250 mL bottles. Dark 
conditions were used. Sample time periods were 0 hour and 24 hours. Redox potential 
and pH measurements were taken at all 24 hour sample times. Samples were collected in 
50-mL polypropylene conical tubes and prepared for ICP/MS analysis. 
3.9.3 Low Concentration Column Experiment 
Two experiments were run simultaneously. Forty mL of microbial SCP were 
placed in 250 mL bottles and 210 mL of a 50 and 100 pg/L solution was added. Bottles 
were placed under dark conditions. Continuous mixing was used. Sample time periods 
were 15 minutes, 1 hour, 4 hours, 24 hours, and 36 hours. Redox potential measurements 
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were taken at the final sampling time. Samples were collected in 50-mL polypropylene 
conical tubes and prepared for ICP/MS analysis. 
3.9.4 Flour Daniel Batch Experiment 
Batch studies were performed using 40 mL of microbial SCP in 250-mL bottles. 
210 mL of two different concentrations of uranium, 198 and 2,250 pg/L, were used. 
Silage (7 g/L) was used for rejuvenation of microbes. Bottles were placed in dark 
conditions. Sampling times were at 0 hours and 24 hours. Redox potential and pH 
measurements were taken at all 24 hour sampling times. Samples were collected in 50 
mL conical tubes and prepared for ICP/MS analysis as listed in section 3.7.1. 
3.10 Desorption Experiments 
The purpose of these experiments was to investigate the leaching characteristics of 
uranium loaded microbial silica cell particles. Samples previously adsorbed with 
uranium were tested for leachability as a function of time. The microbial SCP samples 
used in this study were previously subjected to solutions containing 2 mg/L uranium. 
Microbial SCP were dried using two methods: 
1. Samples were allowed to dessicate at 28-30°C in dark over Drierite for 24 
hours. 
2. Samples were allowed to air dry for 24 hours. 
One gram of dry SCP was placed in 100 mL of water and put on a shaker at 100 rpm for 
2 hours in dark conditions. Samples were then collected in 50 mL polypropylene conical 
tubes and prepared for ICP/MS analysis. 
19 
3.11 Mechanism Experiments 
3.11.1 Maintaining Low Redox 
Four liters of microbial SCP was placed in a 37-liter container and filled with 
distilled water. Redox potential was monitored daily. Nutritional supplements (silage 
and nutritional beads) were added to maintain low Eh readings. 
3.11.2 Molybdate Inhibition Experiment 
Twenty-five mL of microbial SCP were added to a 2 mg/L uranium solution in 
250 mL bottles. Dark conditions were used. Samples were gently mixed for 10 minutes, 
then static conditions were imposed. Redox and pH were taken at sample times. 
Temperature was taken at the end of the experiment. Samples were collected in 50 mL 
polypropylene conical tubes and prepared for ICP/MS analysis as stated in section 3.7.1. 
3.11.3 XRF and XANES Uranium Spéciation 
Microbial SCP samples used in this experiment were previously subjected to 3 
mg/L uranium solution. Samples were prepared and analyzed as stated in section 3.7.3. 
3.12 Electron Micrographs 
Microbial SCP samples used in this experiment were previously subjected to 2 
mg/L uranium solution. Samples were prepared and analyzed as stated in section 3.7.2. 
CHAPTER 4 
RESULTS AND DISCUSSION 
4.1 Summary of Mechanisms 
Overall, microbial SCP remove uranium by two main mechanisms, surface 
sorption and reduction. Initially the U(VI) species is adsorbed by the negatively charged 
binding sites on the microbial SCP. Once the uranium binds to the SCP, particles begin 
to settle at the bottom of sampling bottles, creating a dense microbial community. High 
enzymatic activity within the microbial community and low redox allows U(VI) to be 
quickly reduced. The reduced uranium precipitates as U(IV)02, freeing some of the 
binding sites for additional sorption of U(VI). Eventually, sites become saturated and 
microbial SCP lose their capacity to bind uranium. These mechanisms can be seen from 
the following results. 
4.2 Density of Silica Cell Particles 
The density of microbial mat SCP and control SCP (WS7) was determined for 
both wet and dry weight. Results are listed in Table 1 and Table 2. 
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Table 1. Silica Cell Particle Weight Change After Drying 
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Particle Type Mean Density, g/mL Mean Density, g/mL Drying Percent 
Wet Dry Decrease 
Microbial Mat 1.017 ±0.037 0.018 ±0.004 98.2 % 
WS7 1.102 ±0.015 0.079 ± 0.024 92.8 % 
* Two trials were used per item. 
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4.3 Preliminary Experiments 
4.3.1 Optimal Microbial Combination 
Preliminary studies were conducted to determine the most effective combination 
for uranium removal of the three microbial groups: 1) whole microbial mat (since 
microbial mat is prepared in full light it is predominately cyanobacteria; therefore, it will 
be referred to as such in further discussion), 2) Rhodospuedomonas, and 3) sulfur- 
reducing bacteria. Column studies were conducted using 10% (by volume) microbial SCP 
and 90% (by volume) uranium solution (2 mg/L). The following microbial SCP 
combinations were used: 1) Rhodospuedomonas only, 2) cyanobacteria only, 3) 1:1:1 
(Rhodospuedomonas, cyanobacteria, sulfur-reducing bacteria), 4) 2:1:1 
{Rhodospuedomonas, cyanobacteria, sulfur-reducing bacteria). Figure 1 shows the 
column study results. There was no significant difference between different ratios, 
although all combinations of microbes performed better than the control. Therefore, 
combination 3, a 1:1:1 ratio of the three microbes was used because it is more 
ecologically stable, these strains exist naturally together in the environment, and the 
combination provides more reducing factors for eventual reduction of U(VI) after 
sequestration. This combination was used in subsequent experiments and is referred to as 
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Figure 1. Uptake of uranium solution (2 mg/L) by different combinations of microbial SCP. 
4.3.2 Optimal Temperature 
24 
Figure 2 shows results of preliminary water column studies with uranium in 
solutions under various temperature conditions. Microbial SCP performed best at room 
temperature, reducing a 1.6 mg/L uranium solution to 0.09 mg/L in only 1 hour. The 
final concentration of uranium after the 24 hour period was 0.038 mg/L. SCP showed 
similar results for 27-30°C. Uranium concentration was reduced to 0.046 mg/L in 4 
hours and 0.038 mg/L in 24 hours. Uranium uptake for 0-3°C and 4-6°C was somewhat 
slower, with residual uranium levels of 0.09 mg/L and 0.06 mg/L, respectively, after a 
24-hour period. 
Overall, there is a slight increase in uranium removal with increased temperature. 
However, while not appearing to be statistically significant, it is most likely due to the 
microbial mechanisms for the absorption of the uranium which are not temperature 
dependent such as adsorption to cell surfaces. The results also show that most of the 

























Figure 2. Uptake of uranium by microbial SCP in solutions as a function oftemperature. 
4.3.3 Optimal Photosynthetic Conditions 
26 
In order to impose various levels of photosynthetic conditions and thereby alter 
redox levels in preliminary uranium column studies, microbial SCP was placed under 
three different light systems [continuous light, semi-dark (light regulated by using a 50% 
shade cloth), and total dark]. Figures 3 and 4 show results using both continuous mixing 
and nonmixing, respectively. 
Mixing samples, under all three lighting conditions, reduced the 2 mg/L uranium 
solution to approximately 0.015 mg/L in only 1 hour. This rapid rate of uranium removal 
suggests a surface sorption process, rather than mechanisms dependent on cell 
metabolism. However, after 4 hours desorption began to occur and uranium 
concentration increased steadily. 
Leaching did not occur in the non-mixed studies. Microbial SCP performed best 
in semi-dark conditions, reducing uranium levels to 0.022 mg/L in 48 hours; followed by 
continuous light and total dark samples, with respective U concentrations of 0.062 mg/L 
and 0.114 mg/L. 
Leaching in continuous mixing samples may be attributed to shearing of 
uranium bond to SCP surfaces. Initial mixing allows uranium to bind to all open sites on 
SCP, resulting in the low uranium concentration at the one-hour sampling time. 
However, continuous agitation of the system disturbs the microbial community and may 
release uranium that was adsorbed due to the physiochemical changes in the microbial 
community. Subsequently, after 4 hours uranium levels increase. 
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In static studies, initial U removal is slower. Yet, because there is no perturbation 
within the system, uranium that is adsorbed by the microbial community is retained and 
is allowed to be reduced. The reduced uranium precipitates out, freeing binding sites for 
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Figure 4. Uptake of uranium by microbial SCP under varying photosynthetic conditions 
(Static) 
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4.3.4 Optimal Redox Conditions 
Redox potential measurements are used to monitor chemical reactions in solution. 
The potential values (Eh) measured provide useful information about the oxidizing or 
reducing properties of solutions. Positive Eh values indicate oxic conditions in solutions, 
whereas negative potential values denote a more reducing environment. 
Rhodospuedomonas cell slurry and gelled silica cell particles along with 
microbial mat were used to determine optimum reducing conditions. 
Gelled silica cell particles in combination with microbial mat performed the best, 
producing very negative Eh values under all test conditions. The Rhodospuedomonas cell 
slurry and microbial mat combination was relatively ineffective in lowering redox, except 
under total dark conditions. 
Isolated solutions of the Rhodospuedomonas cell slurry yielded some lowering of 
Eh values. Rhodospuedomonas silica cell particles also reported positive redox potential 
when microbial mat was excluded. 
Overall, gelled silica cell particles performed better than the free cell slurry. This 
is to be expected because the slurry has no form of nutrient to support generation of 
reducing factors. However, the SCP is gelled in the AA medium, allowing a complete 
source of nutrients available to the cells over a period of time. 
Results suggest that to obtain optimum redox potential, a bacterial SCP and 
microbial mat combination should be used in conjunction with a total dark environment. 
This was confirmed by data from an additional experiment. (Results are listed in Table 
2). 
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Table 2. Redox Potential of Rhodosuedomonas silica cell particles (SCP) under 
various reducing conditions 
Description Eh(T2h) Eh(T4h) Eh(T24h) 
10% rhodo SCP, 
5% 
mat (light) 
192 15 -79 
10% rhodo SCP, 
5% mat (shade & 
12/12 cycle) 
18 -19 -109 
10% rhodo SCP, 
5% mat (total 
dark) 
34 -17 -119 
10% rhodo SCP 
(light) 
222 114 -92 
10% rhodo SCP 
(shade & 12/12 
cycle) 
204 139 -67 
10% rhodo SCP 
(total dark) 
229 43 -88 
5% mat (light) 296 220 336 
5% mat (shade & 
12/12 cycle) 
254 238 338 
5% mat (total 
dark) 
236 228 320 
WS7 control 
Qight)  
28 23 23 
4.3.5 Optimal Nutriental Supplement 
Over a period of time bacterial cells may start to die due to lack of nutrients. As a 
result, cells become saturated and lose capacity to produce low Eh, which is essential to 
keep uranium in the U(IV) reduced form. However, addition of a nutrient source can 
stimulate the growth of new cells to replace those lost in the process. 
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Microbial SCP, which were spent after exposure to 6 batches of 2 mg/L U , were 
used to determine the optimal nutritional supplement. Ensiled grass clippings (7 g/L) and 
nutritional beads (8 g/L) were added at the end of batch 6. Four additional batches of 
were added to the microbial SCP after nutrient addition. 
Results suggest that nutrient additions may restore uranium binding capacity 
within cells. However, results for this experiment were nominal due to large variations in 
the standard deviation (Table 4). These results may be expected due to the difference in 
growth rates of cells. Yet, further research in this area is required. 
Table 3. Uranium Concentration and Standard Deviation for Nutrient Addition in 
Sequential Batch Experiment 
Batch Number Nutritional Bead 








1 0.10 1.41 0.12 0.00 
2 0.19 6.36 0.32 4.24 
3 0.05 2.12 0.14 1.41 
4 0.04 1.41 0.16 1.41 
5 0.42 0.00 0.19 12.0 
6 0.66 1.41 0.61 20.5 
7 0.32 8.48 0.16 5.65 
8 0.79 3.53 0.28 0.00 
9 0.96 7.07 1.04 14.1 
10 1.19 3.53 0.90 11.3 
4.3.6 Optimum Conditions 
Implementing the results from preliminary studies, experiments were 
designed, using optimum conditions for uranium uptake. Preliminary studies show that 
for maximum uranium removal, experiments can be conducted at room temperature in a 
dark or semi-dark, static environment using equal proportions of cyanobacteria, 
Rhodospuedomonas, and sulfur-reducing bacteria in the final SCP consortium. The 
nutrient study results show both ensiled grass clippings and nutritional beads can provide 
short-term recovery. However, because of high variability within results, further 
experimentation is needed using a longer rest period for cell recovery. 
4.4 Adsorption Studies 
Experiments were conducted to provide information on the rate of uranium uptake by 
microbial SCP at various conditions. 
4.4.1 High Volume Experiment 
A 200-L barrel was used to investigate microbial SCP ability to remove uranium 
in a large scale-up experiment. Five gallons of the SCP was added to a 55-gallon uranyl 
nitrate solution (2 mg/L). Uranium was quickly sequestered from the system, with 88% 
removed from solution in 15 minutes. After four hours there was no indication of 
desorption and uranium levels had dropped below the recommended U.S. EPA drinking 
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Figure 5. Uranium uptake in 50 gallon barrai 
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4.4.2 Sequential Batch Experiment 
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Uranium uptake was studied in a six-day sequential batch study using 25 mL of 
microbial SCP and WS7 (control) in a 2 mg/L uranium solution. Samples were covered 
with black plastic to impose optimum reducing conditions. Microbial SCP continuously 
removed uranium. Uranium concentration was below 0.6 mg/L for all 6 batches. 
Removal rates decreased after batch 3, denoting the onset of saturation of binding sites. 
WS7 was relatively ineffective in uranium uptake. After initial low concentrations of 
approximately 0.2 mg/L, levels quickly rose to 1.4 mg/L. This suggests that uranium 
uptake in early batches is due to surface sorption, not reduction and that WS7 has some 
limited capacity to bind uranium. 
Small black precipitate particles (0.25 to 0.5 mm in diameter) formed in microbial 
SCP samples during batch 1. The amount of precipitant increased with each additional 
batch. X-ray absorption near edge structure (XANES) analysis results of this material 

















Figure 6. Batch Study-Uranium Uptake by Microbial SCP and WS7 
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4.4.3 Low Concentration Column Study 
Studies were conducted using 50 and 100 pg/L uranyl solutions to determine 
microbial SCP ability to remove uranium at low concentrations. Results indicate that at 
low concentration of uranium in solutions, SCP will effectively reduce the uranium. 
Uranium levels were reduced to below detectable levels (<3pg/L), in the 100 pg/L 
solution after 36 hours (Figure 7). Similarly, SCP reduced the 50 pg/L solution to 3 pg/L 
within 15 minutes and to <3 pg/L in 4 hours (Figure 8). 
The large standard deviation values in the initial sampling times is probably due 
to the initial mixing of the two solutions. However, as the SCP begin to pass through the 
water column and settle, they bind the uranium more evenly and effectively. 
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Figure 7. Uranium uptake by microbial SCP in a 100 gg/L U solution 
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Time, h 
Figure 8. Uranium uptake by microbial SCP in a 50 pg/L U solution 
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4.4.4 Flour Daniel Batch Experiment 
Uranium (VI) complexes with C03 
2' and becomes readily soluble. Therefore, it 
was important to investigate uranium uptake in waters with a high carbonate 
concentration. Ten batches of uranium solution were added to 25 mL of microbial SCP. 
The first five treatments were with uranium containing groundwaters obtained from a 
Superfund Site (200 pg U (VI) L'1,293 mg HC03 L _1). The final five batches, were 
synthetic samples containing 2,250 pg/L uranium solution without the carbonate 
addition. Figure 9 shows microbial SCP were effective in only the synthetic sample 
batches (6-10). After the first five batches, total removal for the complexed uranium 
solution was only 645pg. However, after the last five doses with the non-complexed 
2,250 pg/L uranium solution, microbial SCP removed a total of 4,985pg. 
These results suggest that the uranium complexed with carbonated functions as an 
anion. This is to be expected since the cationic U*5 species is completely surrounded by 
the carbonate anions. As a result, the negatively charged sites on the SCP are unable to 
bind with the negative surface charge of the uranium carbonate complex. Yet, the 
availability of unused negatively charged binding sites allows microbial SCP to remove 
the uncomplexed uranium in batches 6-10. Therefore, removal rates are higher in the last 
five batches. 
Cyanobacteria have some positively-charged sites from the amino group of their 
surface proteins. Carbonate-complexed uranium may have bonded with these sites, 
explaining uranium removal in the first four batches. However, because positive charged 


























Figure 9. Sequential batch treatments using Flour Daniel sample 












4.5 Desorption Experiments 
The desorption studies provided information on the kinetics of the release of bound 
uranium. Dry silica cell particles previously treated with uranium (2 mg U per g dry 
SCP) were used. Deionized water or water with addition of sodium bicarbonate was used 
to leach uranium from the dried cell particles. Desorption did not occur in any of the 
samples, even in the presence of carbonate. 
4.6 Mechanism Experiments 
These experiments were designed to determine the pathways by which uranium is 
reduced within the microbial system. 
4.6.1 Redox Recovery 
It is important to maintain good reducing conditions during sequential batch 
testing. Low redox, or negative Eh values, denote a reducing environment, generated by 
an active microbial community. As soluble nutrients wash away with increased batch 
treatments, Eh values will become positive. These nutrients can be replaced with the 
addition of a nutritional supplement. An experiment was conducted using redox as an 
indicator for the need for nutritional additions. Microbial SCP was added at 10% fluid 
volume to a 4-liter deionized water column. Low redox was maintained for 12 sequential 
batches using ensiled grass clippings and nutritional beads. Nutritional supplements were 
added when redox rose above -100 mV. Figure 10 shows low redox can be sustained 
with nutrient additions. 
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Batch Number 
Figure 10. Redox recovery using nutritional additions 
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4.6.2 Molybdate Inhibition 
The three bacterial strains (cyanobacteria, Rhodospeudomonas, sulfur-reducing 
bacteria) within the microbial consortium all aid in the reduction of uranium. The goal of 
this experiment was to decipher between the contributions of cyanobacteria and 
Rhodospuedomonas versus sulfur-reducing bacteria. Molybdate (20 mM) was added to 
25 mL of microbial SCP in a 200-mL uranium solution (2 mg/L). Sulfur-reducing 
bacteria use elemental sulfur or sulfate and other oxidized sulfur compounds as electron 
acceptors during anaerobic respiration. The addition of the molybdate inhibits this 
process. 
Uranium concentration and redox potential were monitored over a 120-hour 
period. There was little difference in uranium removal rates of molybdenum-treated 
samples and the controls. This is to be expected since the initial process is surface 
binding and the binding sites are not affected by the molybdate. Therefore, treated 
samples are still able to adsorb uranium. Initially, both treated and untreated samples 
reported high redox values (Figure 11). This was due to the microbes’ slow adjustment 
to the changing redox conditions within the consortium. However, there was an evident 
contrast in redox values after the 120-hour period. Untreated samples reported redox 
values below zero, whereas the molybdate treated samples redox levels were 
approximately +200. 
Although low redox may not be needed for initial binding, it is fundamental to the 
eventual stabilizing of uranium as reduced U(IV). Therefore, the contribution of the 










Figure 11. Redox Potential of molybdate treated SCP samples 
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4.6.3 XRF and XANES Uranium Spéciation23 
The synchroton X-ray fluorescence (XRF) and X-ray absorption near-edge 
structure (XANES) microprobes were used to characterize oxidation states of uranium in 
microbial SCP and black precipitate samples obtained from sequential batch tests. 
Samples were taken from the bottom of the sampling containers and analyzed in the dark 
to avoid oxidation. 
XRF analyses (Figure 12) revealed samples contained Cl, Ca, Fe, Cu, Sn, U and 
Sr. Microbial SCP had a homogeneous distribution of these elements. SCP samples 
contained relatively higher concentrations of Zn and Sr than the black precipitant. This is 
likely because the cyanobacteria will absorb specific metals, thereby concentrating them 
within the SCP. Results indicate that the precipitant was basically heterogeneous with 
respect to U and Fe. 
XANES results for microbial SCP and black precipitant are listed in table. 
Analysis of SCP performed in the dark, indicated samples consisted solely of U(IV). 
Upon exposure to air and light, some U(IV) oxidized to U(VI). However, the sample still 
primarily consisted of U(IV). 
Black precipitant samples consisted predominately of U(IV). After exposure to 
air light, samples turned from black to colorless, denoting a possible chemical change, 
although the nature of this change was not determined. Consequently, after 3 hours of 
exposure, 50% of the sample oxidized to U(VI). 
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Table 4. Percent U(VI) Data for Microbial SCP and Black Precipitant Samples 
Sample 
Description 
Eh, mV H2S Smell % U(VI) in Sample 
Uranium (IV) 
Standard 
NA NA 0 
Dried Oxic Mat in 
light 
NA NA 100 
Moist SCP in dark -278 Y 0 
Moist SCP after 3 
hours in air and light 
ND ND 35 
Moist SCP after 16 
hours in air and light 
ND ND 20 
Black precipitant in 
dark 
-390 Y 35 
Black precipitant after 
3 hours in air and 
light 
ND ND 50 
WS7 with 4 mg/L 
u(VQ  
ND N BD 
Uranium (VI) 
Standard 
'~NÂ NA 100 
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Figure 12. X-ray Flourescence of Microbial SCP and Black Precipitate 
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4.7 Electron Micrographs 
Figure 13 shows electron micrographs of various types of silica cell particles. 
Electron micrographs were performed using a Hitachi H-6000 Transmission Electron 
Microscope set at 0.3 nm point to point resolution, at 100,000 magnification.26 
Figure 13 illustrates: a) clean silica cell particles (WS7), b) enlargement illustration 
of WS7 showing porous nature, c) silica cell particles with attached Rhodospuedomonas, 
d) enlargement illustration of c, e) microbial mat silica cell particles, dominated by 
cyanobacteria, Oscillatoria, f) enlargement of microbial mat silica cell particles 
illlustrating cells attached to silica particles. 
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Figure 13. Electron Micrographs of Various Types of SCP 
CHAPTER 5 
SUMMARY AND CONCLUSIONS 
Microbial mats, dominated by cyanobacteria, are complexed, layered microbial 
communities which have been successfully used in the bioremediation of contaminated 
water. Microbial mat along with two groups isolated from the mat consortium, 
Rhodospuedomonas and sulfur-reducing bacteria, were immobilized on a silicon dioxide 
surface. These silica-bound cells provided a means for rapidly binding of uranium. 
Uranium removal was dependent on nutrients available, photosynthetic and reducing 
conditions, and amount of bacterial material per volume of solution. Results indicate 
temperature may also have an effect on uranium removal, however; more 
experimentation is needed. 
A 1:1:1 proportion of cyanobacteria, Rhodospuedomonas, and sulfur-reducing 
bacteria was the most effective for uranium uptake. This microbial SCP consortium 
rapidly removed uranium from solution (88% of 2 mg/L U(VI) and 99% of 0.05 mg/L 
U(VI) in 15 minutes). SCP continually sequestered uranium from batch treatments until 
binding sites became saturated. However, addition of a nutrient source may be able to 
restore uranium binding capacity. X-ray absorption near-edge structure spectroscopy 
(XANES) analyses indicated uranium removed in sequential batch testing was 
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completely reduced to U(IV). In addition, dried SCP from batch testing, did not leach 
uranium when particles were rehydrated with water and a bicarbonate solution. 
Isolation of microbial mat and its constituents on a silica gel surface, provides a 
low cost, nontoxic system for the removal of uranium in solution. Bacteria are easily 
managed and grow effectively on the silica surface. Ultimately, microbial SCP may be 
useful in the bioremediation of uranium contaminated waters. 
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